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Water supplies from confined aquifers, such as those pumped from the Memphis 
aquifer, are typically less influenced by modern recharge than those from unconfined 
aquifers. However, zones of hydraulic connection believe to be occurring through the 
confining unit between a shallow aquifer and the deeper Memphis aquifer adjacent to the 
McCord well field in Memphis, Tennessee. Locally, the shallow aquifer experiences a 
depression in the water table and Fletcher Creek experiences a loss in discharge. To 
confirm and further research this anomalous depression in the water table and the local 
flow paths that are occurring, a combination of physical data, chemical data and age-
dating results were analyzed. Considered together, the data suggest a strong linkage 
between stream loss in Fletcher Creek, the loss of ground water storage in the shallow 
aquifer and the presence of modern water in production wells in the Memphis aquifer at 
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 The City of Memphis, TN relies heavily on the Memphis aquifer to supply water 
for its municipal, industrial and other uses. To supply the city, upwards of 180 million 
gallons per day are pumped from this ground water source (Brahana et al., 1987). As the 
city’s primary water provider, the Memphis Light, Gas and Water Division (MLGW) 
operates 10 pumping stations, together totaling more than 175 wells in Shelby County 
(www.mlgw.com)(Fig. 1). The MLGW McCord water pumping station is located 
adjacent to Bartlett, TN and significant quantities of modern water (water < 60 years old) 
have been detected in the production waters of this well field (Larsen et al., 2005). The 
appearance of young waters within the confined to semi-confined Memphis aquifer 







Figure 1: Map of Shelby County, Tennessee, showing Memphis Light, Gas and Water (MLGW) well fields 
and those of the major municipalities. Water table contours from Narsimha (2007) are also shown. 
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Documented areas of hydraulic communication between the shallow aquifer and 
the Memphis aquifer exist throughout Memphis, TN (Graham and Parks, 1986; Parks and 
Carmichael, 1990).  Pumping demands for the city of Memphis create a downward 
vertical hydraulic gradient between the shallow aquifer and the deeper Memphis aquifer. 
The areas of hydraulic communication, termed windows, allow for modern recharge from 
local streams and the shallow aquifer to enter the Memphis aquifer. This resulting 
downward leakage can be intensified locally where a pumping stress exists, such as at 
MLGW well fields (Parks, 1990). A window proximate to McCord well field has been 
identified by Parks (1990) and is marked by an anomalous depression in the water table 
(Fig. 1) (Narsimha, 2006). Here, the Memphis aquifer is believed to be susceptible to 
contamination from the overlying shallow aquifer and Fletcher Creek; displayed 










In recent research conducted through MLGW, the United States Geological 
Survey (USGS), and the University of Memphis Ground Water Institute (GWI), windows 
have been associated with local decreases in water quality throughout the Memphis 
aquifer. MLGW well fields such as Allen (Bradshaw, 2011), Davis (Koban et al., 2011) 
and Sheahan (Larsen et al., 2013) have previously been studied. These MLGW well 
fields were investigated due to similar appearances of younger waters within the confined 
to semi-confined Memphis aquifer. As pumping demands continue to increase, the 
preservation of water quality within the Memphis aquifer becomes of great significance 
to the city. 
 
McCord well field 
Figure 2: Conceptual sketch of hypothesized window and possible local flow 
paths of stream flow loss and flow from the shallow aquifer to the Memphis 
aquifer. Water table is shown by blue line. 
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1.1 Purpose of Study 
This report presents the results of a study conducted through the University of 
Memphis Department of Earth Sciences to investigate modern leakage from a suspected 
surface water source, Fletcher Creek, and shallow aquifer source to the deeper Memphis 
aquifer at a window adjacent to McCord well field through physical, geochemical and 
age-dating analyses. Observations and analyses of local streams, shallow aquifer and 
deep aquifer systems were made to assess the susceptibility of the Memphis aquifer to 
local areas of contamination.  
Physical measurements, such as water levels in the surface, shallow and deep 
water components are important in understanding the local subsurface behavior. 
Differences in hydraulic head are used to determine the flow direction within the shallow 
aquifer and Memphis aquifer systems (Graham and Parks, 1986; Bradley, 1991; Larsen et 
al., 2013). Bradley (1991) used water-level data to define a depression in the water table 
and to also confirm leakage. In his study discussing vertical leachate and leakage 
migration surrounding the closed Shelby County landfill in Memphis, TN, he specifically 
cites finding that the ground water flow in the Memphis aquifer within his study area is 
toward McCord well field (Bradley, 1991). Larsen et al. (2013) found that downstream 
decrease in discharge supports evidence for local downward vertical leakage, where 
stream loss is believed to be the source of continued leakage. 
Chemical measurements and analysis give further insight to the physical 
measurements. Studies by Larsen et al. (2013) have compared water chemistry of surface, 
shallow and deep-water components in areas of suspected leakage. Similarities in ion 
concentrations between the surface waters and the deeper Memphis aquifer waters within 
6 
the area of confirmed leakage support that there is local influence occurring between the 
surface water and deep-water components. 
In addition to physical and chemical measurements, environmental tracers, such 
as 
3
H (tritium) and SF6, have been utilized to give traceable age signals to waters in a 
study area. Bradley (1991) confirmed leakage in his study area by identifying tritium 
concentrations within the Memphis aquifer that signified the presence of modern waters. 
Graham and Parks (1986) used variations in tritium concentrations to gain evidence of 
leakage of modern water in numerous observation wells in the Memphis area. Larsen et 
al. (2002) studied the Sheahan municipal well field where they used tritium and its 
daughter product helium-3 (He
3
) to date the modern recharge and to quantify mixing 
fractions. Using NETPATH, Larsen et al. (2003) observed that the proportion of modern 




He dates, giving support 
to both methods. Studies done on other MLGW well fields and local windows have made 




He (Larsen et al., 2003; Gentry et al., 2005; 
Koban, 2011; Larsen et al., 2013) and SF6 (Barlow et al., 2011).  
This study aims to use surface water and ground water hydrologic data, water 




He and SF6 to better understand the leakage 
processes from surface water and the shallow aquifer to the Memphis aquifer near the 
McCord well field. 
1.2 Study Area Background 
1.2.1 Geology and Hydrogeology 
Western Tennessee overlies unconsolidated strata forming a series of layered 
aquifers and confining units (Fig. 3)(Table 1). Each of the major regional aquifers is 
7 
separated by confining units of significantly lower hydraulic conductivity and broad areal 
extent (Brahana et al., 1986; Graham and Parks, 1986). The Memphis Sand or ‘500-foot’ 
Sand and Fort Pillow Sand or ‘1400-foot’ Sand are described as “highly permeable 
ground-water reservoirs with a huge storage capacity” (Brahana et al., 1987). The 
Memphis Sand and Fort Pillow Sand are both found below Memphis, Tennessee, and the 
Memphis aquifer is the primary water source utilized by the City of Memphis (Brahana et 













Figure 3: Cross-section of Cretaceous through Quaternary strata in the northern Mississippi 
embayment illustrating the layered aquifers and confining units underlying Tennessee 






The Memphis Sand of Eocene age underlies approximately 7400 sq. miles of 
western Tennessee (Brahana et al., 1986; Parks and Carmichael, 1990)(Fig. 3). The 
Memphis Sand ranges between 400 and 900 ft in thickness and consists primarily of 
unconsolidated sand or sand and gravel with scattered subordinate lenses of clay and silt 
(Parks and Carmichael, 1990; Parks, 1990). The sand has great capacity to store and 
transmit water and these saturated areas of porous sand and gravel comprise the Memphis 
aquifer (Parks and Carmichael, 1990). The Memphis Sand is overlain by the Eocene 
Table 1: Geologic and Hydrostratigraphic units underlying Shelby County 
(Larsen et al., 2013). 
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Cook Mountain and Cockfield formations, which consist of clay, silt, sand and, in places, 
lignite, and together form the upper Claiborne confining unit for the Memphis aquifer 
(Graham and Parks, 1986). The Memphis aquifer primarily receives recharge from 
precipitation on an outcrop belt east of the Memphis area (Graham and Parks, 1986). 
Once in the Memphis aquifer, water generally flows from the area of recharge westward 
towards the axis of the Mississippi embayment, which is roughly parallel with the 
Mississippi River (Brahana et al., 1986; Graham and Parks, 1986). However, a secondary 
source of recharge is from the downward infiltration of water from the overlying fluvial 
deposits and alluvium in the Memphis area (Graham and Parks, 1986; Parks and 
Carmichael, 1990). The recharge of modern waters from local shallow aquifer waters is 
made possible where the overlying upper Claiborne confining unit is absent or composed 
of sandy sediments.  
The Memphis aquifer is primarily separated from the shallow aquifer by the upper 
Claiborne confining unit, which ranges in thickness from 0-360 ft (Graham and Parks, 
1986). In most areas this confining unit is proficient at hydraulically isolating the shallow 
aquifer from the Memphis aquifer. Where the confining unit is thin, absent, or contains a 
high percentage of sand, a hydrologic window forms between the shallow aquifer and 
underlying Memphis aquifer (Brahana et al., 1987; Parks, 1990). Here, a downward 
vertical hydraulic gradient exists from the shallow and Memphis aquifer promoting 
modern leakage. 
Overlying the Eocene hydrostratigraphic units are the alluvium and the fluvial 
terrace deposits of Pleistocene age (Table 1). The water table is generally observed in 
these deposits and, as such, they form the shallow unconfined or water table aquifer. 
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Within the shallow aquifer, ground water flow generally is toward local streams, where it 
discharges (Brahana et al., 1986; Graham and Parks, 1986; Bradley, 1991). The shallow 
aquifer provides water to domestic, farm and irrigation wells within the Memphis area 
(Graham and Parks, 1986). Despite its use in agriculture, the waters within the shallow 
aquifer are not suitable for domestic use. As waters infiltrate, the loess acts as a leaky 
upper confining unit and the shallow aquifer receives recharge with influence from the 
overlying urban land use. This creates increased infiltration of waters with elevated 
concentrations of volatile organic compounds, nitrates and pesticides (Barlow et al., 
2011; Gonthier, 2002). Many point sources of contamination within the Memphis area 
affect water quality in the shallow aquifer (Graham and Parks, 1986), including 
“abandoned dumps, active and inactive landfills, underground storage tanks, industries 
and commercial establishments that process or use hazardous chemicals, demolition 
disposal sites, sewers, septic tanks and local spills” (Parks, 1990). 
Fletcher Creek 
 Fletcher Creek flows through urban and suburban regions of the study area. 
Fletcher Creek receives recharge from storm water runoff and, for the most part, its water 
chemistry is similar to that of the shallow ground water (Larsen and Grubaugh, 2010). 
However, Fletcher Creek has been shown to have higher concentrations of pesticides, 
which pose water quality issues (Gonthier, 2002). In general, the creek is a gaining 
stream, receiving primary recharge from the water table and shallow aquifer systems 
(Larsen and Grubaugh, 2010). Although, it has been found that the creek loses discharge 
along a reach overlying the window region identified by Parks (1990) and Larsen and 
Grubaugh (2010). 
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1.2.2 Environmental Tracers 
Tritium (
3
H) and sulfur hexafluoride (SF6) are useful tracers of modern waters, 
waters as much as ~ 60 years old. Tritium concentrations were constant and very low 
prior to a spike in the 1960s, and SF6 was below detection prior to 1970 (Darling et al., 
2012; Upstill-Goddard and Wilkins, 1995; Wilson and Mackay, 1993; Solomon and 
Cook, 2000). After the abrupt input of 
3
H into the atmosphere in 1963 and the onset of a 
constant increase of SF6, the concentration of both gases can be traced to provide an age 
for a given water. 
The effectiveness of tritium as a tracer comes from the fact that 
3
H is part of the 
water molecule and is geochemically conservative. Thus, the age date (in years) given by 
a tritium-helium-3 analysis can be considered more straightforward than other 





He are taken to utilize the ratio of parent to daughter product in 
quantifying local radioactive decay leading to an understanding of subsurface residence 
times (Solomon and Cook, 2000). Since the atmospheric test ban treaty of 1963, the year 
of the maximum tritium peak, concentrations have been steadily decreasing without a 
source of anthropogenic production. So, although tritium has provided great use in 
ground water studies, its present environmental concentrations have become too low to 
maintain its full extent of uses (Solomon and Cook, 2000). 
Conversely, the use of SF6 as an environmental tracer is becoming more valuable. 
Its detection in the atmosphere began in the same decade as 
3
H; however, it is not 
effective for waters recharged prior to 1970. The build up of SF6 is primarily caused by 
anthropogenic activity, and can be used as either a natural tracer or artificial tracer 
13 
(Dating with SF6 Background, http://water.usgs.gov). Since the onset of its use in 
industry, the concentration of SF6 in the atmosphere has only continued to increase. As 
such, SF6 is becoming a more ideal modern hydrologic tracer post 1990 due to its steadily 
increasing atmospheric concentration and natural stability in ground water environments 




















CHAPTER 2: METHODS 
 
 
2.1 Data Collection 
2.1.1 Pre-existing Data 
In order to evaluate the local potential source of vertical leakage and the flow 
paths it may take to the Memphis aquifer, a combination of physical, chemical, field and 
laboratory measurements were made within the study area (Fig. 4). Data collected during 
the 2013-2014 project year were combined with related data from the McCord well field, 
shallow aquifer, and Fletcher Creek collected during 2001, 2005 and 2009. The compiled 
data from all available years was used to identify trends in water quality and age 
distribution in the shallow and deep ground waters. 










He age dates from 2009 as well. With all of the available age dates plotted, an 
apparent age date contour map was constructed. 
15 
 
Figure 4: Map of study area extent displaying Fletcher Creek watershed and Fletcher Creek measurement 
locations, wells belonging to MLGW McCord well field, wells utilized in this study and wells where 
transducers were deployed. 
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2.1.2 Field Data 
Water Levels 
 Water levels were taken on a quarterly basis through the year (spring 2013-2014) 
at specified shallow well and Fletcher Creek locations (Fig. 4). In addition, pressure 
transducers were deployed in two chosen shallow aquifer wells to continuously record 
water level data every 15 minutes from May 9, 2013 to March 11, 2014. To compensate 
the transducer water level data, barometric pressure data from a barometer deployed in a 
well located in Shelby Farms, proximate to the study area, was acquired. The barometer 
recorded pressure data at identical 15-minute intervals.  
Discharge measurements at 3 specified Fletcher Creek locations were made 
quarterly at approximately the same time as the water level measurements. For the 
discharge measurements, the float method was used at each location at each time of 
sampling, making it the most consistent method employed. Measurements of stream 
cross-sectional area (A) and water velocity (V) were taken to satisfy the continuity 
equation, Q=A*V, to calculate discharge (Q). To obtain the area, depth of water was 
measured at 0.5 or 1 ft intervals across the width of the creek at a designated section. 
Area for each interval was calculated by D*W, depth of water multiplied by the uniform 
interval width. Area was then calculated by summing the area of each rectangular interval. 
Velocity was calculated over a relatively smooth, straight stretch of Fletcher Creek by 
dividing the measured section length by the time of travel of the float object. The 
designated length was chosen at each time of measurement and then measured and 
marked off using string. At time (t)=0, an object (rubber duck or stick) was released and 
timed until it reached the end of the designated creek section. This same procedure was 
17 
followed 3 times per location in order to assure reproducibility. After velocity was 
calculated simply by length divided by time and averaged over the three runs, the value 
was multiplied by a chosen 0.35 based on roughness of water surface. These 
measurements were applied to the continuity equation and then the discharge was 
converted into m
3
/s for consistency with other data. 
Water Quality and Environmental Tracers 
Samples were taken at Fletcher Creek locations twice within the year; once in 
summer of 2013 and fall of 2013. Samples were taken at 3 shallow aquifer-monitoring 
wells and 3 Memphis aquifer production wells during August 2013. During all sampling 
events, on-site measurements of temperature, pH, specific conductance, and Eh were 
taken. During well sampling, these measurements were made using a flow through 
sampling cell in order to assess that ground water conditions were stable before sampling. 
Dissolved O2 concentration was monitored using a YSI probe. In addition, field 
measurements were made for alkalinity and total Fe and NO
3-
 using a Hach titration kit 
and Hach 2000 spectrophotometer respectively. 
Six wells, 3 in the shallow aquifer and 3 in the Memphis aquifer, were sampled 
for water quality and environmental tracer analysis. A gas diffusion sampler was 
deployed at each sampled well to obtain data on the noble gases present in the well 
waters. The gas diffusion samplers have a semi-permeable membrane that allows for the 
exchange of gases between the water and the sample chamber. The gas diffusion sampler 
was submerged in a flow-through cell for at least 24 hours during sampling for the 
Memphis aquifer wells and was submerged within the shallow aquifer wells for one week 








He or SF6 age 
calculation. 
All wells were pumped and purged of at least 3 well volumes of water before 
sampling to ensure that the water being taken from the well was a good representation of 
the aquifer waters. Memphis aquifer wells were sampled first. MLGW turned the 
specified well pumps on and set a backpressure of 45 pounds per square inch (psi) for the 
Memphis aquifer wells prior to our sampling. For the shallow aquifer wells, a small 
portable pump provided by the Ground Water Institute was used. When the well was 
appropriately purged, field measurements were taken as described for all water quality 
sampling. In addition, total gas pressure and temperature were measured in the shallow 
aquifer wells prior to deploying the gas diffusion samplers and, in the Memphis aquifer 
wells, after retrieving gas diffusion samplers from the flow-through cell. After measuring 
and recording all field measurements, samples were taken, including: raw water sample, 
filtered and acidified water sample, raw water for SF6 analysis, and raw water for tritium 
analysis. Duplicates of raw and filtered and acidified samples and a blank sample were 
taken at a selected well location in order to assess accuracy and reproducibility of lab 
analysis. 
The raw water SF6 sample, raw water 
3
H sample, and gas diffusion sampler for 
each well were packaged and sent to the University of Utah lab for analysis. The 













2.1.3 Laboratory Data 
Geochemistry 
All samples were analyzed for anion and cation concentrations at the laboratory 
on the University of Memphis campus. The collected raw filtered water samples were 
analyzed on a Dionex 2000I ion chromatograph for anion concentrations (fluoride, 
chloride, nitrite, bromide, nitrate, phosphate, sulfate) and the filtered and acidified 
samples were analyzed by a Varian AA10 atomic absorption for cation concentrations 
(sodium, potassium, calcium, magnesium, iron and manganese). 
 
2.2 Data Evaluation 
Evaluation of hydraulic data 
 The 2013-2014 quarterly water level measurements were used to establish water 
table conditions and hydraulic gradient. All water level data for water table wells and 
stream locations were plotted on a map with ArcGIS 10.2 with an attribute table 
containing all water level data. For each quarterly data set, water table contours were 
drawn to help visualize ground water gradients and to infer flow directions. Interpolated 
potentiometric surfaces were also created in ArcGIS using the spatial analyst toolbox and 
the Kriging method of interpolation. The linear sequence of maps displays seasonal 
changes in the water table. With the interpolated surfaces, ArcGIS was used to calculate 
estimated water volume changes from between quarterly measurements, and also over the 
course of one year.  
The data from the two deployed water level dataloggers (leveloggers) at well UR-
29 and 2T1 were corrected using barometric pressure data from the local barologger. The 
barometer data allows for the correction of any compression of water due to the force of 
20 
atmospheric pressure. The corrected data limits the influence of daily variations in 
atmospheric pressure on the transducer records. 
In addition, the quarterly discharge measurements were used to identify and 
evaluate gain or loss of ground water relative to Fletcher Creek. Two upstream locations 
and one downstream location, also plotted on the maps, were compared to qualitatively 
understand areas of stream loss and gain. Summing the discharge of the two upstream 
locations and subtracting them from the discharge calculated at the downstream location 
displays any loss or gain. If the result was positive, the downstream location had a greater 
discharge and no loss was occurring. However, for all 4 discharge measurement events, 
the result was negative showing that discharge downstream was less and that Fletcher 
Creek is locally a losing stream. 
Evaluation of tracer data 
The data from the tracer analysis at the University of Utah was used to establish 
ages of the modern water component (< 60 years old) of the ground water. The excess air 
estimates and recharge temperature determined from the noble gas data were used to 
correct ages. For environmental tracers, such as SF6, excess air and recharge temperature 
is calculated from noble gas data. These values are calculated by relating the sampled 
noble gas concentrations to their atmospheric concentrations using Henry’s Law of 
partitioning (Hinkle et al., 2010). 
3
H loading recharge year and mixing % were calculated 
using the 
3
H data for all sampled wells from 2013 and 2009. 
Evaluation of flow paths 




He against each other, it may be possible 
to distinguish flow path models using the USGS software program TracerLPM. 
21 
TracerLPM is an excel workbook based software that creates lumped parameter models 






He data from 
2009 and 2013 was plotted with theoretical LPM results to help define the local flow 
regime. In addition, the age dates were plotted using ArcGIS in order to review them in 
context of well locations and discover spatial trends. 
Evaluation of mixing 
 The solute concentrations and water age dates were used to evaluate mixing of 
waters from Fletcher Creek, shallow aquifer, and Memphis aquifer along a potential flow 
path from Fletcher Creek to the McCord pumping station. Comparison of chemically 
conservative solute concentrations in water from Fletcher Creek and the shallow aquifer, 
and the Memphis aquifer allow an estimate of the amount of modern water recharge 
pumped from a well (e.g., Larsen et al., 2003; Manning et al., 2005; Koban et al., 2011). 
The conservative solutes were plotted against each other using Excel in order to identify 
likely end member compositions. 
 The USGS modeling program, PHREEQC, was used to create plausible reaction 
and mixing models for the given system. PHREEQC is a computer program designed to 
perform aqueous geochemical calculations, including 1D transport calculations and the 
mixing of solutions (Parkhurst and Appelo, 2013). Using the end-member compositions, 
PHREEQC mixing models were prepared for all sampled Memphis aquifer wells. Models 
were made using MLGW 218 as the Memphis aquifer end member and UR-29 as the 
shallow aquifer end member. Additionally, models using MLGW 201 as the Memphis 
aquifer end member for the 2009 sampling were also prepared to evaluate the sensitivity 
22 
of models to end-member composition. The mixing percentages were plotted on a map 























CHAPTER 3: RESULTS 
 
 
3.1 Discharge and Water Levels 
Discharge measurements made during the 2013-2014 year are shown in figure 5, 
with upstream location discharges summed in order to compare to downstream discharge. 
A discharge meter was used at some locations; however, the float method was 
consistently used at all locations at all times of measurement. Therefore, the float method 
results were used to compare discharge measurements. Stage Rd and Pate Rd were 
chosen to represent the upstream discharge of Fletcher Creek (Fig. 4) and Bartlett Rd 
represents a downstream location. Therefore, the discharge at Stage Rd and Pate Rd 
should sum to at least the discharge at Bartlett Rd. However, the discharge at Bartlett Rd 
was consistently less than the discharge upstream for each event (Fig. 5). A discharge 
loss of approximately 0.03 m
3
/s was calculated during the spring measurement and an 
approximate increased loss of 0.2 m
3
/s was calculated during the summer measurement. 
Using the average measured loss of the events, 0.1084 m
3
/s, equates to an average loss of 


















Figure 5: Chart of discharge from the 2 upstream locations and 1 downstream location for 




The water level data from the four measurement events was used to create 
quarterly water level contour maps (4 in total) for the Fletcher Creek and McCord well 
field area (Fig. 6). Water levels within the shallow aquifer wells showed only slight 
variation during the year. The greatest difference appeared in well UR-29, where water 
levels fluctuated by 1.2 m over the course of the year. Well UR-8 also had a fluctuation 
of a little over 1 meter and well UR-18 saw a fluctuation of 0.6 m. Apparent in all four 
maps is that water levels decrease towards a central depression (near the convergence of 
the two main branches of Fletcher Creek). Water levels are steepest on the SE side of the 
depression, decreasing from 104 to 66 m over a distance of approximately 4000 meters 
from east to west, a gradient of 9.5x10
3
. The gentlest gradient exists on the SW side of 






























a gradient of 2x10
3
. The observed depression in the water table is located below the area 
of observed discharge loss in Fletcher Creek. Plotting the water levels observed at 5 wells 
along a cross-section through the depression displays the minimal seasonal change within 
each well along the margin of the depression and the larger disparity in water levels near 
the center of the depression (Fig. 7). 
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Additionally, transducer data from the two selected wells, UR-29 and MLGW 
2T1 (Fig. 4) provide a detailed record of water level fluctuations throughout the year (Fig. 
8-9). The water level data from UR-29 is plotted with precipitation data from the USGS 
gage at Sycamore View Rd. to show seasonal depression of the water table elevation in 
comparison to precipitation. The water level variation within 2T1 throughout the year has 
a range of 0.3 m. It experiences its minimum ground water elevation, approximately 73.2 
m during January and February and its peak water levels, approximately 73.45 m, from 
August to November. Well UR-29 experienced minimum values, approx. 65.3 m, in 

















































































































3.2 Water Chemistry 
Water analysis results from the sampling event in August 2013, were compiled 
into Tables 2-4, along with results from Fletcher Creek water sampling events, one in 
August 2013 and one in November 2013. Ion Chromatograph data for multiple laboratory 
and Dionex anion standards were used to calculate precision. The precision of chloride, 
sulfate and fluoride is within 10% of the mean or 1 sigma, and bromide is within 15%. 
Accuracy of the data was also calculated from laboratory anion standards. Accuracy of 
data fell within 10% for fluoride, chloride, nitrate and phosphate, and sulfate within only 
1%. Reproducibility of the cation analyses was calculated using atomic absorption results 
from multiple laboratory standards. Reproducibility was within 5% for iron, potassium, 
magnesium and calcium and within 10% for sodium. Data collected through the 
University of Memphis at McCord Well Field in 2009 is also presented in Tables 3 and 4. 
Conservative species were plotted against each other to identify trends in 
chemistry within the 2013 and 2009 data. In most cases, Fletcher Creek waters plotted 
amongst themselves and varied slightly from the ground waters. The largest distinctions 
occurred in plots for Ca and Mg. Na vs Cl and Na vs SO4
2-
 displayed the best evidence 
for mixing, with the Memphis aquifer water chemistry plotting linearly between the 
lower end Fletcher Creek waters and the upper end shallow aquifer waters (Fig. 10). With 
Fletcher Creek locally influencing the shallow aquifer and a migration of shallow aquifer 
waters downward to the Memphis aquifer, the linear trends displayed by the chemistry 
















218 8/7/13 Memphis 125.3 17.9 9.62
209 8/7/13 Memphis 86.6 17.5 9.74
203A 8/7/13 Memphis 85.3 17 9.9
2T1 8/9/13 Shallow 24.4 21 8.75
UR-18 8/9/13 Shallow 17.7 21.5 8.59
UR-29 8/8/13 Shallow 20.4 23.7 5.67
2009
201 11/20/09 Memphis 102.4 17.1 0.515
202 11/20/09 Memphis 89.3 16.6 0.122
206 11/18/09 Memphis 97.5 16.8 0.790
217 11/17/09 Memphis 121.9 17.1 0.100
233 11/17/09 Memphis 115.8 17.3 0.019








218 0.127 5.88 90.2 336 59.5
209 0.17 5.98 55.3 301 80.8
203A 0.148 5.63 79.3 326 54.7
2T1 0.176 5.03 225.1 469 58.3
UR-18 0.577 5.84 187.6 431 249
UR-29 0.145 5.28 233.2 475 34.6
2009
201 0.157 5.52 57.8 304 69.8
202 0.170 6.23 30 277 109
206 1.070 5.11 35.6 282 49.0
217 0.140 5.37 -4.6 242 62.2
233 0.165 5.9 -89.2 157 66.1
pH
Eh correct for 
temperature 
(mV)














(mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)
218 8/7/13 0.069 2.87 b.d. 0.024 b.d. b.d. 7.77 59.54
209 8/7/13 0.072 4.80 b.d. 0.031 b.d. b.d. 9.50 80.76
203A 8/7/13 0.041 7.87 b.d. 0.056 b.d. b.d. 11.7 54.7
2T1 8/9/13 0.037 14.7 b.d. 0.035 13.4 b.d. 1.38 58.32
2T1 dup 8/9/13 0.035 14.7 b.d. 0.050 14.2 b.d. 1.31 58.32
UR-18 8/9/13 0.064 34.3 b.d. 0.074 0.14 b.d. 35.1 248.9
UR-29 8/8/13 0.049 10.6 b.d. b.d. 25.2 b.d. 0.88 34.65
Pate Rd 8/15/13 0.12 4.37 0.027 0.0096 1.80 0.20 5.35 57.80
11/10/13 0.14 5.76 b.d. 0.015 0.26 0.10 5.58 78.04
Stage Rd 8/15/13 0.11 3.71 0.0067 0.012 0.75 0.20 5.06 50.72
11/10/13 0.14 5.47 b.d. 0.021 0.10 0.081 5.88 69.50
Bartlett Rd 8/15/13 0.092 2.00 0.030 b.d. 1.02 0.36 3.18 40.97







(mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)
201 11/20/09 0.076 2.90 b.d. b.d. b.d. 0.019 8.06 70.00
201 dup 11/20/09 0.067 2.92 b.d. b.d. 0.0021 0.0047 8.13 52.00
202 11/20/09 0.054 7.69 b.d. b.d. 0.022 b.d. 8.07 109.00
206 11/18/09 0.045 4.47 b.d. b.d. 0.0058 b.d. 6.81 49.00
217 11/17/09 0.067 5.50 b.d. b.d. 0.014 b.d. 9.42 62.00
233 11/17/09 0.064 8.43 b.d. b.d. 0.022 0.016 11.4 66.0











Table 4: Cation concentrations from 2013 and 2009. 
K Na Mg Ca Mn Fe
(mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)
218 8/7/13 0.55 8.05 4.16 8.65 b.d. 0.37 -2.26
209 8/7/13 1.21 8.91 5.94 11.4 0.016 1.42 -4.29
203A 8/7/13 1.04 14.3 3.96 7.51 0.010 0.99 0.81
2T1 8/9/13 0.63 39.3 3.14 6.72 0.0060 0.027 -0.92
2T1 dup 8/9/13 0.65 41.0 3.12 6.61 0.0060 0.31 -0.29
UR-18 8/9/13 1.91 59.8 20.0 32.0 b.d. b.d. 0.85
UR-29 8/8/13 0.58 17.5 3.56 6.34 0.0020 0.012 -32.28
Pate Rd 8/15/13 2.98 4.08 2.52 12.8 0.020 0.23 1.58
11/10/13 2.66 6.13 2.67 14.6 0.066 0.32 -10.28
Stage Rd 8/15/13 2.85 3.66 2.30 11.3 0.013 0.34 4.38
11/10/13 2.67 6.51 2.68 13.0 0.037 0.27 -7.87
Bartlett Rd 8/15/13 3.00 1.59 1.41 7.98 0.044 0.35 -0.42
11/10/13 2.89 2.29 1.90 10.6 0.034 0.53 -0.44
K Na Mg Ca Mn Fe
(mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)
201 11/20/09 0.57 6.42 3.94 8.59 b.d. 0.35 -14.05
201 dup 11/20/09 0.53 6.56 3.75 8.35 b.d. 0.33 -2.96
202 11/20/09 1.04 11.8 5.09 10.1 b.d. 1.35 -18.3
206 11/18/09 0.78 8.28 3.17 6.57 b.d. 0.51 -4.2
217 11/17/09 0.63 11.4 4.51 8.82 b.d. 0.63 -0.95
233 11/17/09 0.94 13.8 5.07 10.1 b.d. 0.11 -0.45























Data is plotted on a Piper Diagram in (Fig. 11) to display trends in major ion 
water chemistry for all waters. The largest differences in constituent concentrations 
between the shallow wells and the Memphis aquifer wells appear to be in an increase in 
concentration of both sodium and chloride in the shallow wells. For almost all ions, well 
UR-18 has elevated concentrations amongst the sampled wells. The chemistry of the 
Memphis aquifer wells sampled in 2013 is similar to that of the Memphis aquifer wells 
sampled in 2009, although the wells sampled in 2013 display minimally higher 
concentrations. The concentrations of individual ions in Fletcher Creek waters seem to 
fall above and below both shallow and deep well concentrations, but all variations are 
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minimal. The largest variation is an increase in calcium concentration in Fletcher Creek 
waters (Fig. 11). For the most part, Memphis aquifer well data from 2009 and 2013 plot 
together on the Piper plot (Fig. 11). On the cation diagram and central diagram, Memphis 
aquifer well water concentrations lie intermediate between Fletcher Creek and the 
shallow well concentrations. This is not observed on the anion plot, where Fletcher Creek 





Figure 11: Piper plot of water chemistry data for all samples from 2013 and 2009 
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3.3 Environmental Tracers 
Age-dating results received from the University of Utah laboratory are presented 
in Tables 5-7. The University of Utah lab was able to produce SF6 data for 5 of the 6 
wells, 2 deep wells and 3 shallow wells and is presented in Table 5. A piston flow model 
is used to calculate the SF6 ages. The piston flow model assumes the waters flow directly 
from the source of recharge to the sampled well within the aquifer without dispersion 
(Jurgens et al., 2012), which is the simplest recharge scenario. Within these 5 wells, SF6 
piston flow model recharge ages range from 16.6 to 29 years in the shallow wells and 
from 27.6 to 29.6 years in the deep wells. The greatest concentration of SF6 was found at 
2T1, where it is between 1 to 2 times more concentrated than the other samples. The 
wells that are closest in SF6 concentration are 203A and UR-18, a Memphis well and a 
shallow well respectively. For 2009, the elevated SF6 concentrations for wells 202, 206 
and 217 suggest contamination. This leads to the inability to accurately determine 



































218 8/8/13 n.d. n.d. n.d.
209 8/7/13 1.639 1986 27.6
203A 8/7/13 1.390 1984 29.6
2T1 8/9/13 4.000 1997 16.6
UR-18 8/7/13 1.418 1984.5 29.1
UR-29 8/7/13 2.361 1990 23.6
2009
201 11/20/09 1.016 1982.5 27.4
202 11/20/09 13.700 n.d. n.d.
206 11/18/09 12.260 n.d. n.d.
217 11/17/09 29.190 n.d. n.d.
233 11/17/09 4.210 1998 11.9










Table 5: SF6 data for 2013 and 2009 sampling. 
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Recharge ages using the 2013 
3
H were returned for 4 of the 6 wells, 2 shallow and 
2 deep wells (Table 7). In addition, noble gas concentrations were used to calculate 
recharge temperatures of the samples (Table 6). Recharge temperatures from the 
3
H 
analysis of the Memphis aquifer wells were all below 17° C, Memphis’ mean annual 
temperature, indicating recharge probably occurred during the late winter or early spring 
months. Recharge temperatures within two of the shallow wells are around 17° C. UR-29 
has a higher recharge temperature of 24° C, strongly indicating primary recharge during 
summer months. The observation that the recharge temperatures are within the expected 
range for precipitation in the Memphis area supports an atmospheric origin for the 
3
H . 
These temperatures are also used to correct for excess air that can skew the age signal 
(Darling et al, 2012). Values for an R/Ra ratio were calculated to compare the measured 
helium-isotope ratio to that of air-saturated water. This gives an indication of age, as 
young waters will have an R/Ra ratio closest to 1 and increase for older waters (Larsen et 




He concentrations range from 
5.9 years to 18.6 years in the shallow wells and from 39.8 to 42.7 years in the Memphis 
aquifer wells. The maximum age error in years is +/- 2.2 years on well 203A with a 
calculated age of 39.8 years. Data for well UR-18 returned an age of 5.9 years with an 
age error of 1.2 years. Tritium data from Memphis wells sampled in 2009 show 
concentrations of 1.14 – 5.07 TU. Only the lowest concentration of 
3
H from 2009 
resembled the TU concentration range seen in the 2013 data. All other 2009 
3
H samples 




He derived ages, there is no overlap in age values between the shallow aquifer waters 
and the Memphis aquifer waters. There is a gap of approximately 10 years between the 
39 
older shallow water age of 18.6 years and the youngest Memphis aquifer water age of 
39.8 years. This difference could be a good indication of travel time from the window 





























218 8/8/13 1.35E-02 3.56E-04 2.24E-07 8.39E-08 1.28E-08 5.79E-08 0.96
209 8/7/13 1.28E-02 3.43E-04 2.15E-07 8.04E-08 1.15E-08 5.38E-08 1.21
203A 8/7/13 1.24E-02 3.59E-04 2.23E-07 9.37E-08 1.43E-08 5.52E-08 1.18
2T1 8/9/13 1.13E-02 3.25E-04 2.08E-07 7.55E-08 1.03E-08 5.23E-08 1.14
UR-18 8/9/13 1.25E-02 3.37E-04 2.22E-07 8.12E-08 1.15E-08 5.55E-08 1.01
UR-29 8/8/13 1.05E-02 2.95E-04 2.03E-07 6.71E-08 9.47E-09 4.97E-08 1.05
2009
201 11/20/09 1.39E-02 3.71E-04 4.08E-08 3.00E-09 1.81E-07 5.16E-08 0.97
202 11/20/09 1.51E-02 3.87E-04 5.10E-08 3.34E-09 2.00E-07 5.59E-08 1.09
206 11/18/09 1.39E-02 3.63E-04 4.92E-08 3.10E-09 1.80E-07 5.05E-08 1.06
217 11/17/09 1.51E-02 3.85E-04 5.07E-08 3.22E-09 2.00E-07 5.55E-08 1.03
233 11/17/09 1.54E-02 3.84E-04 4.73E-08 3.21E-09 2.06E-07 5.53E-08 1.13





           Table 7: 
3























218 8/8/13 n.d. 0.94 0.002 14.8 n.d.
209 8/7/13 0.75 7.31 0.001 15.8 42.7
203A 8/7/13 0.85 6.97 0.002 13.7 39.8
2T1 8/9/13 2.74 5.00 0.002 18.8 18.6
UR-18 8/9/13 2.83 1.10 0.002 17.6 5.9
UR-29 8/8/13 n.d. 1.10 0.001 24.0 n.d.
2009
201 11/20/09 0.02 1.14 6.15E-02 15.6 >55
202 11/20/09 0.45 5.07 1.02E-01 13.3 45.0
206 11/18/09 0.45 3.80 1.02E-01 13.0 40.3
217 11/17/09 0.19 2.95 1.02E-01 14.0 50.3
233 11/17/09 0.7 4.58 1.62E-02 13.8 36.2
* n.d. - not determined
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CHAPTER 4: DISCUSSION 
 
 
4.1 Discharge and Water Levels 
The discharge measurements of the 2 upstream locations and the single 
downstream location show that the studied stretch of Fletcher Creek is a losing stream. 
As seen in the results section, stream loss totals approximately 2.5 million gallons per day 
(MGD), or if it is assumed as an average loss for the year, 9.13 x 10
8
 gallons per year. 
This area of transition in Fletcher Creek from a gaining stream to a losing stream overlies 
the local depression observed in the water table, an area of both surface water and 
shallow water loss.  
Further evidence for the local depression within the water table is demonstrated 
by the water level data. This observed window location is also seen on water table maps 
by Graham and Parks (1986), Kingsbury (1996) and Larsen and Grubaugh (2010). The 
permanency of the depression in the water table is supported by consistent water level 
measurements at individual wells taken throughout the year. UR-29 sees an overall 
period of lowered water levels during the summer months when pumping from the 
Memphis aquifer is at its highest. The increased pumping demands on the Memphis 
aquifer increase the vertical gradient occuring at the window location, where UR-29 is 
located. During the summer months, precipitation events tend to be locally heavy and 
cause small, punctuated periods of increased water levels in well UR-29. Water levels 
only begin to consistently increase during the fall, when pumping stresses and 
precipitation begin to decline (Fig. 8). Trandsducer data for MLGW 2T1 displays an 
increase in water levels during the summer months, showing that it’s location outside of 
the window leaves it less affected by pumping stresses (Fig. 9). 
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The gradient of water table contours derived from water level data shows that 
ground water flow within the shallow aquifer is toward the center of the water table 
depression (Fig. 6). The water table depression is apparent in all 4 seasons and shows 
indications of deepening during the summer months.  
 The water level data, in addition to local LIDAR data, was used in ArcGIS to 
create interpolated surfaces and calculate an estimate of seasonal and yearly water loss 
from the shallow aquifer. The kriging method was utilized to determine interpolated 
surfaces for all 4 water level measurements. The GIS-generated interpolated surfaces 
correlated strongly with the drawn water table contours. However, the interpolated 
surfaces were created using only 13 water level measurements and are evaluated as 
qualitative estimates. Within ArcGIS, the cut and fill tools were used to evaluate water 
volume changes between the seasonal interpolated surfaces. Using the interpolated 
surface from the water level measurements on 3/7/2013 and the surface from water level 
measurements on 3/7/2014, an overall water volume loss of 1.00 x 10
10
 gallons was 
estimated for the year. 
This estimation of loss was calculated across the study area, and would include 
the estimated discharge loss at Fletcher Creek and also any other leakage occuring in the 
area. Overall, the estimation of water volume loss should be assumed to be an 
overestimate, as there is no input for aquifer geometry. Conversely, discharge loss at 
Fletcher Creek should be considered an underestimate as it does not account for small 
tributaries that occur along the studied stretch of Fletcher Creek channel. All calculations 
are based on a limited dataset, but support the general trend of yearly water level decline 
in the shallow aquifer.  
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This water table depression does not directly underlie the McCord Well Field, but 
instead lies with the center of the depression approx. 5 km to the northeast (Fig. 6). Flow 
within the shallow aquifer is towards the depression. At the depression, a downward 
vertical gradient exists through which water from the shallow aquifer recharges the 
Memphis aquifer (Fig. 2). Once in the Memphis aquifer, flow is generally to the west or 
southwest, or towards McCord well field (Bradley, 1991).  
4.2 Environmental Tracers 
Tracer data further support the hypothesis that water lost from Fletcher Creek and 
the shallow aquifer is recharging the Memphis aquifer (Figure 12). Sulfur hexafluoride 
age dates from the shallow well locations within the water table depression are 23.6 years 
and 29.1 years. With increased modern influence from Fletcher Creek, SF6 ages appear 
older than expected but are in response to a mixing of modern waters with shallow 
aquifer waters. Calculation of recharge age using SF6 does not account for both young 




He system, and therefore should be considered an 
older estimate. Memphis aquifer wells 203A and 209 also have SF6 age dates of 
approximately 29 years, suggesting water from the shallow aquifer rapidly flows through 
the window and into the Memphis aquifer. North and south of wells 203A and 209, SF6 





dates for the Memphis aquifer wells have a less distinct pattern, but almost identical age 




He system, presumably due 
to increasing error associated with declining 
3
H concentrations. With current 
3
H 
concentrations measured in the Memphis aquifer being so close to the detection limit 






analysis, for all local Memphis aquifer wells sampled in 2013 and 2009 return water ages 
that are distinctly influenced by modern waters (< 60 yrs old). With an overall age range 
of 28 to 42 years old, these waters have been influenced by a modern water source 




Figure 12: Map of tracer concentrations for 2013 and 2009 samples. Red numbers in upper right are SF6 




He age dates. See figure 7 for well numbers. 
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4.3 Geochemical Modeling 
To evaluate mixing of waters between the shallow aquifer and the Memphis 
aquifer, the USGS program PHREEQC was used to estimate mixing percentages 
(Parkhurst and Appelo, 2013; Larsen et al., 2003; Koban et al., 2011). Model end 
members were selected from trends observed on the plot series for the conservative ion 
species for all sampled wells (Fig. 10-11). Wells UR-29 and MLGW 218 were selected as 
the shallow aquifer and Memphis aquifer end members, respectively. MLGW 218 is the 
best end member for the Memphis aquifer since it shows minimal modern water 
influence, with the lowest tritiogenic 
3
H concentration of all Memphis aquifer wells from 
2013 and 2009 with a value of 0.94 TU. The 
3
H content of MLGW 218 measured in 2001 
is 0.13 TU (Larsen, unpublished data), consistent with the low tritiogenic 
3
He data. 
MLGW 201 was additionally chosen to model as the Memphis aquifer end member for 
the 2009 samples, due to it’s location and chemical similarity to MLGW 218, in order to 
evaluate end-member sensitivity. The water chemistry data was entered into PHREEQC 
to create mixing models with water chemistry of wells UR-29 and MLGW 218 or 
MLGW 201 as the end-member components and the other sampled wells from 2013 and 
2009 as mixtures of these two components (Table 8). Mineral precipitation and 
dissolution settings were chosen based on local geology and hydrogeology, adapted from 
Larsen et al. (2003) and Koban et al. (2011). The mixing percent of UR-29, or the 
shallow aquifer water source, was plotted on the well location map in order to observe 
spatial trends (Fig. 13).
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 218 + UR29 = # Models * 218 % UR-29 % Dissolving † Precipitating †
2013
203A 2 76.9 23.1
Fe(OH)3, Pyrite, CO2 
(g)
209 2 87.6 12.4
Dolomite, Fe(OH)3, 
Pyrite, CO2 (g)
2T1 7 4.8 95.2 Dolomite, Halite Fe(OH)3, CO2 (g)




2009 201 4 46 54 Fe(OH)3, Pyrite CO2 (g)
201 dup 2 29.4 70.6 Fe(OH)3, Pyrite CO2 (g)




206 2 32.8 67.2
Fe(OH)3, Pyrite, CO2 
(g)
217 2 60.4 39.6 Fe(OH)3, Pyrite CO2 (g)
233 2 63.9 36.1 Pyrite Fe(OH)3, CO2 (g)
78.1 21.9 Halite, Pyrite Fe(OH)3, CO2 (g)
2009 201 + UR29 = # Models * 201% UR-29%
202 4 51.3 48.7
206 1 69.1 30.9
217 1 69.4 30.1
233 8 62.9 37.1
* # Models based on number of working resultant models





Figure 13: Map of mixing percentages of shallow aquifer water in Memphis aquifer production wells using end-
members wells UR-29 and MLGW 218. Mixing percentages were contoured using a 20% contour interval. Wells 
UR-29 and MLGW 218 are labeled. 
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The mixing percent contours in production wells within the McCord Well Field 
decrease with distance from well UR-29 and reflect a combination of the general flow 
direction within the Memphis aquifer and the pumping effects on flow within the 
Memphis aquifer created by the MLGW well field (Fig. 13). The mixing results indicate 
that the majority of water from MLGW 206 is from the shallow aquifer, modeled as 70%, 
and in general the wells that lie to the east of MLGW 218 display more influence from 
shallow aquifer recharge. Westward of MLGW 218, the influence of the shallow aquifer 
water source decreases and the mixing ratio becomes dominated by the Memphis aquifer 
water chemistry. The decrease in the influence of UR-29 follows an east to west trend 
that aligns with the general east to west flow direction within the Memphis aquifer 
(Graham and Parks, 1986).  
 In order to gain further insight into the flow regimes occurring in the study area, a 
USGS Excel program named TracerLPM was used. TracerLPM creates an idealized 
lumped parameter model (LPM) utilizing data from two or more environmental tracers 
measured in wells. Data can be modeled in reference to 5 LPM models: Piston-flow 
(PFM), Exponential Mixing (EMM), Exponential Piston-flow (EPM), Partial Exponential 
(PEM), Dispersion (DM) and Binary Mixing (BMM)(Jurgens et al., 2012). Available 
concentrations for SF6 and 
3
H and tritiogenic 
3
He from 2013 and 2009 were input into 
TracerLPM in order to evaluate fit to one of the 5 LPM models. The exponential piston-
flow model (EPM) was chosen to potentially represent the shallow aquifer waters or 
Memphis aquifer waters as it is characterized by an aquifer receiving recharge from an 
upgradient unconfined area. The partial exponential model (PEM) was additionally 
chosen to potentially represent the Memphis aquifer waters as it is characterized like the 
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EP model but is for wells that are screened in only the lower portion (Fig. 14). The 
combination of these two models gives a flow regime similar to the conceptual model 





Figure 14: TracerLPM plot for 2013 and 2009 age-date results. Tritium loading history 










Ho) from the 2013 and 2009 data plot 
towards the base of all 3 LPM curves. The data points do not correlate strongly to any of 
the given LPMs. Depending on the tritium loading history for 
3
Ho, UR-18, MLGW 203A 
and MLGW 209 fall along the binary mixing model between the PEM and EPM regimes. 
The correlation to some extent depends on the data available for the 
3
H tritium loading 
history. Finding the best 
3
H concentration within the program to use for the Memphis 
area will shift the BMM-PEM-EPM to better align with UR-18, a shallow well, or the 
two Memphis aquifer wells, MLGW 203A and MLGW 209. Choosing a tritium loading 
history of the Missouri river basin aligned better with the Memphis aquifer wells, but of 
the given tritium loading history data sets available within the TracerLPM program, 
Modesto, CA was chosen because its tritium levels most closely resembled those of 
Tennessee, although they are not exact. The lack of correlation between the other data 
points and the LPM curves could be attributed to a few possibilities. Significant error that 
may be present within the 
3
H age-date results, especially for the youngest modern water 
component. Current atmospheric levels of tritium are so close to the detection limit of 
measurement that significant errors may exist in the age dates. Another source of error in 
the dataset, comes from high SF6 values in some samples. From 2009 data, 3 wells were 
previously identified as contaminated for SF6, and removed from modeling. For both of 
these reasons, the data may only qualitatively fit the LPM curves, especially considering 












 As the city’s primary water source, Memphis, TN relies on the Memphis aquifer 
to provide clean ground water for household, industrial and many more uses totaling 
upwards of 180 million gallons per day (Brahana et al., 1987). The Memphis aquifer is a 
reliable resource since it is a confined aquifer, with little influence from the overlying 
shallow aquifer (Parks, 1990). However, past research shows that gaps in the confining 
unit, termed windows, are locally present and have associated depressed water levels in 
the shallow aquifer where ground water flows downward into the Memphis aquifer 
(Graham and Parks, 1986; Parks and Carmichael, 1990). Here, the Memphis aquifer 
becomes increasingly susceptible to contamination (Parks, 1990). Continued work to 
study these locations is important in maintaining the quality of the city of Memphis’ 
water supply. 
 The results presented in this study conducted by the University of Memphis 
Department of Earth Sciences and Ground Water Institute confirm the flow of modern 
water leaking to the Memphis aquifer at a window location identified south of Bartlett, 
TN. The investigation outlined in this study utilized a combination of physical, chemical 
and age dating methods to better understand the local interactions between Fletcher Creek, 
the shallow aquifer and the Memphis aquifer near the McCord well field. 
Discharge measurements at 3 locations along Fletcher Creek within the study area 
were taken seasonally, and show a loss of discharge from the upstream locations to the 
downstream location indicating that Fletcher Creek is locally a losing stream. Seasonal 
water level measurements within local shallow wells display depressed water levels co-
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located with the losing reach of Fletcher Creek, emphasizing that downward vertical flow 
exists here. Transducer data from well UR-29, within the window location, also displays 
the decline of water levels within the shallow aquifer within the window area during the 
summer months, suggesting an influence from increased pumping stresses during the 
summer at McCord well field. 
 Geochemical data from sampling events support local interaction between 
Fletcher Creek, the shallow aquifer and the Memphis aquifer. Plots of conservative ion 
species and a piper diagram for all sampled waters from 2013 and 2009 display a mixing 
relationship between shallow aquifer and deep Memphis aquifer waters. Memphis aquifer 
waters plot compositionally along mixing lines with Fletcher Creek waters and the 
shallow aquifer waters. Inverse mixing models produced by PHREEQC confirm 
influence of modern waters on the Memphis aquifer waters at McCord well field. All 
mixing models show more than 10% of shallow aquifer water being present in all but the 
deepest and least affected Memphis aquifer waters. 
 Age-dating results from all sampled wells returned similar trends in influence of 
modern leakage on the Memphis aquifer. For both methods, 
3
H and SF6, all data for the 
sampled wells produced ages < 60 years old, indicative of a modern water source. 
Plotting inverse modeling results and age-date results using ArcGIS confirms that local 
flow paths are from the window location to the southwest, generally towards McCord 
well field. Although we can identify that waters at McCord well field are being 
influenced by modern leakage from the window location, it is hard to describe the flow 
paths that these waters may be taking. TracerLPM was used in an attempt to pinpoint 
possible ground water flow regimes in the study area. The age-data could potentially fit a 
55 
ground water system containing elements from both an exponential piston-flow model 
and a partial exponential model, but variability in the data limit support for this argument. 
 The results of this study confirm that a downward vertical gradient exists at the 
local window location and also confirm the influence of modern leakage in the Memphis 
aquifer at McCord well field. Further studies could be undergone to place better 
constraints on the size and geometry of the window location, or to better understand the 
local flow paths. Continued research in this study area, or similar study areas, will aid in 
limiting the decline of water quality of production wells in areas of modern leakage or 
































BARLOW, J.R.B.; KINGSBURY, J.A.; AND COUPE, R.H., 2011, Changes in shallow ground 
water quality beneath recently urbanized areas in the Memphis, Tennessee area: 
Journal of the American Water Resources Association JAWRA-11-0035, Vol. 48, 
No. 2, pp. 336-354. 
 
BRADLEY, M.W., 1991, Ground-water hydrology and the effects of vertical leakage and 
leachate migration on ground-water quality near the Shelby County landfill, 
Memphis, Tennessee: U.S. Geological Survey Water-Resources Investigations 
Report 90-4075, 42 p. 
 
BRADSHAW, E. A., 2011, Assessment of ground-water leakage through the Upper 
Claiborne confining unit to the Memphis Aquifer in the Allen Well Field, 
Memphis, Tennessee: University of Memphis, Memphis,TN, 84 p. 
 
BRAHANA, J.V.; BRADLEY, M.W.; AND MULDERINK, D., 1986, Preliminary delineation 
and description of the regional aquifers of Tennessee—Tertiary aquifer system: 
U.S. Geological Survey Water-Resources Investigations Report 83-4011, 28 p. 
 
BRAHANA, J.V.; PARKS, W.S.; AND GAYDOS, M.W., 1987, Quality of water from 
freshwater aquifers and principal well fields in the Memphis area, Tennessee: U.S. 
Geological Survey Water Resources Investigations Report 87-4052, 22 p. 
 
DARLING, W.G.; GOODDY, D.C.; MACDONALD, A.M.; AND MORRIS, B.L., 2012, The 
practicalities of using CFCs and SF6 for ground water dating and tracing: Applied 
Geochemistry, Vol. 27, pp. 1688-1697. 
 
GENTRY, R.W.; KU, T.L.; LUO, S.; TODD, V.; LARSEN, D.; AND MCCARTHY, J., 2005, 
Resolving aquifer behavior near a focused recharge feature based upon synoptic 
well field hydrogeochemical tracer results: Journal of Hydrology, Vol. 323, pp. 
387-403. 
 
GONTHIER, G.J., 2002, Quality of shallow ground water in recently developed residential 
and commercial areas, Memphis vicinity, Tennessee, 1997: U.S. Geological 
Survey Water-Resources Investigation Report 02-4294, 117 p. 
GRAHAM, D.D. AND PARKS, W.S., 1986, Potential for leakage among principal aquifers 
in the Memphis area, Tennessee: U.S. Geological Survey Water-Resources 






HINKLE, S.R.; SHAPIRO, S.D.; PLUMMER, L.N.; BUSENBERG, E.; WIDMAN, P.K.; CASILE, 
G.C.; AND WAYLAND, J.E., 2010, Estimates of tracer-based piston-flow ages of 
ground water from selected sites—National Water-Quality Assessment Program, 
1992–2005: U.S. Geological Survey Scientific Investigations Report 2010-5229, 
90 p.  
 
JURGENS, B.C.; BÖHLKE, J.K.; AND EBERTS, S.M., 2012, TracerLPM (Version 1): An 
Excel® workbook for interpreting ground water age distributions from 
environmental tracer data: U.S. Geological Survey Techniques and Methods 
Report 4-F3.  
 
KINGSBURY, J.A., 1996, Altitude of the potentiometric surface, September 1995, and 
historic water-level changes in the Memphis and Fort Pillow aquifers in the 
Memphis area, Tennessee: U.S. Geological Survey Water-Resources 
Investigations Report 96-4278, 1 sheet.  
 
KOBAN, J.; LARSEN, D.; AND IVEY, S., 2011, Resolving the source and mixing proportions 





He data, Memphis, Tennessee, USA: Environmental Earth 
Sciences, Vol. 54, No. 4, 18 p. 
 
LARSEN, D.; GENTRY, R.W.; AND SOLOMON, D.K., 2003, The geochemistry and mixing of 
leakage in a semi-confined aquifer at a municipal well field, Memphis, Tennessee, 
USA: Applied Geochemistry, Vol. 18, pp. 1043-1063. 
 
LARSEN, D.; WALDRON, B.; ANDERSON, J.; GENTRY, R.; IVEY, S.; OWEN, A.; AND MORAT, 
J., 2005, Insights into ground water recharge processes and pathways based on 
hydrochemical and tritium data from municipal well fields in Shelby County, 
Tennessee, USA: Geological Society of America Abstracts with Programs, Vol. 
37, No. 2, 47 p. 
 
LARSEN, D. AND GRUBAUGH, J., 2010, A chemical and biological study of water sources 
and quality in storm and non-storm discharges along the fletcher creek storm-
drainage channel in Memphis, Tennessee: City of Memphis Storm Water 
Program, 53 p. 
 
LARSEN, D.; MORAT, J.; WALDRON, B.; IVEY, S.; AND ANDERSON, J., 2013, Stream loss 
contributions to a municipal water supply aquifer in Memphis, Tennessee: 
Environmental & Engineering Geoscience, Vol. 18, No. 3, pp. 265-287. 
 




He age data in assessing 




NARSIMHA, V.K.K., 2006, Altitudes of water levels 2005 and historic water level change 
in the surficial and Memphis aquifer, Memphis, Tennessee: University of 
Memphis, Memphis, TN, 54 p. 
PARKS, W.S., 1990, Hydrogeology and preliminary assessment of the potential for 
contamination of the Memphis aquifer in the Memphis area, Tennessee: U.S. 
Geological Survey Water-Resources Investigations Report 90-4092, 39 p. 
 
PARKS, W.S. AND CARMICHAEL, J.K., 1990a, Geology and ground-water resources of the 
Memphis Sand in western Tennessee: U.S. Geological Survey Water-Resources 
Investigations Report 88-4182, 30 p. 
 
PARKHURST, D.L. AND APPELO, C.A.J., 1999, User’s guide to PHREEQC (version 2): A 
computer program for speciation, batch-reaction, one-dimensional transport, and 
inverse geochemical calculations: U.S. Geological Survey Water Resources 
Investigations Report 99-4259.  
 




He. In Cook, P.G., and Herczeg, A.L. 
(Editors), Environmental Tracers in Subsurface Hydrology: Kluwer Academic 
Publisher, Boston, MA, pp. 397–424. 
 
UPSTILL-GODDARD, R.C. AND WILKINS, C.S., 1995, The potential of SF6 as a geothermal 
tracer: Water Research, Vol. 29, No. 4, pp. 1065-1068. 
 
WALDRON, B.; LARSEN, D.; HANNIGAN, R.; CSONTOS, R.; ANDERSON, J.; DOWLING, C.; 
AND BOULDIN, J., 2011, Mississippi embayment regional ground water study: 
EPA 600/R-10/130, 142 p. 
 
WILSON, R.D. AND MACKAY, D.M., 1993, The use of sulphur hexafluoride as a 
conservative tracer in saturated sandy media: Ground Water, Vol. 31, No. 5, pp. 
719-724. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
